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^ (5^ Title: ENHANCED TRANSPOOT OF AGErinS USING MEMBRANE DKRUFnVEAGENTO 

(57) Abstract: Compositions ^nd methods for tranqnrt or release of theiapeatk: and diagnosis 
fs| lytes from cells, compartments within cells, or through cell layers or barriers are described. The compositions include a membrane 
9\ barrier tran^xwt enh^ndi^ agent and ate usually admimstered in combination with an enhancer and/or exposure to stimuli to effect 
® disruption or altered permeability, transport or release. In a preferred embodiment, the compositions include compounds which dis- 

nipt endosoraal membranes in response to the low pH in the endosomes but which are relatively inactive toward ceD membranes (at 
^ physiologic pH, but can become active toward cell membranes if the environment is acidified below ca, PH 6.8X coupled directly or 

indirectiy to a therapeutic or diagnostic agent Other disruptwe agents can also be used, responsive to stimuli and/or enhanceis other 

than pH, such as light, electrical stimuli, electromagnetic sthnuli, ultrasound, temperature, or combinations thereof. The compounds 
Q can be coupled by ionic, oovalent or H bonds to an agent to be delivered or to a Ugand which forms a complex^ 
^ delivered. Agents to be delivered can be dierapeaticand^T diagnostic agents. Treatments which enhm 
^ iontopheresis, and/or ele cU o p here si s can also be used witii the disnipting agents. 
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ENHANCE TEiANSPORT OF AGENTS USING 
MEMBRANE DISRUPTIVE AGENTS 

The preset invention is in tiie field of two uses of add-s^isitive 

polymefs: (1) intracellular release of agents fix>m inside endosomes into Ifae 

5 cytosoU and ^) lysis of cells and microorganisms from outside^ fi>r subsequent 
separation, recovery, and/or analysis of &dr contents. In the first use, the 
polymer is combioed with o&er components such as th^peutic or cUagnostic 
agents, targeting ligands, masking molecules. In the second use, the polymer is 
used as a ftee polymer, but may be comb'med wth chemical or physical agents 

10 used to separate, recover, identify, assay, and/or label specific intracellular 
components. 

Statement Regarding Federally Funded Research 
The U.S. government has certain rights in diis invention by virtue of a 
National Institutes of Health grant. National Institutes General Medical Sciences 
15 grant GM 53771-02, 03 to 05. 

Background of the Invention 
Spedfic, efticient delivery of tfaer^utic and diagnostic compounds to 
cells, especially to the cytosol, is a major goal of many pharmaceutical 
companies. A number of different approaches have he&x utilized to increase 
20 spedfidty and uptake. The most common has been to target the therapeutic or 
diagnostic agent to specific types of cells by conjugation of the agents to 
antibodies that recognize antigens specifically or predominandy associated with 
the cells. Ottier agents^ such as polycationic complexes, liposomes, and lipid 
complexes, have been employed to im^ease uptake of compounds generally by 
25 cells. 

There are several therapeutic agents which are only effective if th^ are 
delivered intracellularly, including genetic material and various proteins. Gene 
tlierapy requires the intracellular delivery of genetic material to treat genetic 
disorders and other disorders which arise from dysregulation of protein 
30 expression, such as cancer. Examples of proteins include toxins, which are only 
poisonous once they have been released from the endosome into the cytoplasm. 
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To increase their specificity, immunotoxiiis have been prepared that include tiie 
toxin conjugated to an antibody that targets tumor-associated antigens. 
Immunotoxins have had limited success as therapeutics, however, in part due to 
the inadequacy of penetration into tumor nodules and ineffective delivery of the 

5 toxin into cytosolic ribosomes. 

It is often difScult to deliver compounds, such as proteins, genetic 
ypfltf«^ft^J and other drugs and diagnostic compounds, intracellularly because cell 
membranes resist the passage of these compounds. Various methods have been 
developed to admixuster agents intracellulady. For example, genetic material 

10 has been administered into cells £fiv7VO,£pfvi>o and ervfvo using v^ 

DNA/lipid conq>l^ces 0.e. "lipoplexes*^ and liposomes, DNA has also been 
delivered by synthetic cationic polymers and copolymers and natural cationic 
carriers such as chitosan. Sometimes the synthetic polymers are 
hydrophobically modified to enhance radocytosis. While viral vectors are 

15 efficient, questions remain regarding the safety of a live vector and the 
development of an immune response following repeated administration. 
Lipoplexes, liposomes, polycation complexes ^.e. "pplyplexes'O appear less 
effective at transfecting DNA into the nucleus of the cell. 

Receptor mediated endocytosis (RME) offers an alternative means to 

20 target specific cell types and to deliver therapeutic agents intracellularly. 
Receptor-mediated endocytosis occurs when ligands bind to cell sur&ce 
receptors on eukaryotic cell membranes, initiating or accompanying a cascade of 
nonequilibrium phenomena culminating in tiie cellular invagination of 
membrane coxxq>lexes within datiiiinrcoated vesicles. Compounds which 

25 interact with specific cell sur&ce receptors are employed to target specific cell 
sur&ce receptors. These conqpouzids are endocytosed into the endosomes once 
tiiey interact with the ceUsxnfiu:e receptors. Linkages of the cell ligands have 
been made directiy witii these compounds, or, in the case of DNA, through 
conjugation with polycationic polymers such as polylysine, polyethyleneimine, 

30 and DEAB-dextranv^ch are tiiencomplexed witii the DNA. Haensleretal., 
Bioconi. Chem.. 4:372-379 (1993). 
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Even after tiierapeutic agents are delivered intracellularly, normal 
trafficking in the cell can minimize tiieir effectiveness. For example, certain 
antibody-antigen coqugates are readily endocytoseA However, after 
endocytosis, the antibody is not released into the (^tosol but rather remains 

5 isolated in endosomesimtil it is trafficked to a lysosomeft)r degradation. Press, 
O. W. et aL, Cancer Research, 48: 2249-2257 (1988). Endosomes arc 
membrane bound phospholipid vesicles which function in intracellidar 
trafficking and degradation of internalized proteins. The internal pH of the 
endosomes is between 5.0 and 6.5. A toxin conjugated with this antibody will 

10 be similarly isolated in the endosome, and, if trafficked to a lysosome, will be 
rendered ineffective. Genetic material, being negatively charged, is oftra 
complexed with polycationic materials, such as cationic lipids, chitosan, 
polyethyleneimine and polylysine, for delivery to a cell. Both immunotherepy 
and gene therapy using polycation/nucleic acid complexes are also limited by 

15 trafficking of the complexes by the cell from endosomes to lysosomes, wherc 
the antibody conjugates or nucleic acids are degraded and rendered ineffective. 

Accordingly, a major limitation of many potentially useftil therapies is 
that the agents, even if th^ can be targeted to ihe desired cells and endocytosed 
by the cells, often are not effectively released from endosomes into tiie cytosol, 

20 but arc degraded by lysosomes. 

Several methods have been proposed to avoid or minimize lysosomal 
degradation of these agents. One method involves inclxiding lysosomotrophic 
agents such as chloioquine in formulations used to administer therapeutic agents 
iatiacelhilarly. Anotiier method involves disriqyting&e endosome so that the 

25 agent is delivered into fte cytosol beforc it is transported to and degraded by the 
lysosomes. It is preferable to disriqytfte endosome so that the nialeiialneve^ 
comes in contact with Ihe lysosomes. At least two pathways have been 
developed for disrupting title endosomal membrane. One method takes 
advantage of tiie pH inside &e endosomes, and uses materials \^ch arc 

30 rdatively hydrophilic at physiological pH (around 7.4) and relatively 

hydrophobic at the pH inside of the endosomes. Examples of such materials arc 
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carboxylic acid containing polymers such as the hydrophobic polyacid poly (2- 
ethylacrylic acid) (PEAA), which are negatively charged at physiologic or 
alkaline pH and uncharged at the pH inside the endosome due to protonation of 
the carboxylic acid moieties. 

5 PEAA has been shown to disrupt lipid membranes in apH dependent 

manner, permeabilizing and solubilizmg membranes at an acidic pH 
(approximately 6.3), having no effect at alkaline pH. Thomas, JX. et al., 
RinpTiygir^al Tniimal ^7t1 10U1 106 n994V TTiomas. J, L, et al.. Acc. Chem, 
25:336-342 (1992). It has been postulated that the effects of PEAA are 

10 due to its amphq>aihicity rather than structure, consistent with a hydrophobically 
driven micellization process. A similar process has been hypothesized for the 
interaction of ^lipoprotems, melittin, md other amphipathic a-helix based 
polypeptides with lipid membranes. 

Various peptides also disrupt endosomal membranes in a pH dependent 

15 manner. Examples ofpq)tides shown to disrupt liposomes, erythrocytes, and 
endosomes, include viral peptides, such as influenza virus peptides and peptides 
that include tiie 23 ariiinoteriiiinal amino acid sequence of influenza virus 
hemagglutinin, and related peptides with which viruses destabilize endosomal 
membranes in apH dependent maimer, such as GALA (also known as EALA), 

20 which includes repeating glutamic add-alanine-leudne-alanine blocks. These 
peptides have been conjugated with DNA complies that utilize a receptor 
inediatedendocytosis pathway for iiptake into cultured cells. A strong 
correlation was observed between pH specific erythrocyte disruption and gene 
transfer. C. Plank et al., LBioLChem.^ 17(269):12918-12924 (1994); J.A. 

25 Hughes et al., Pharm Res.. 13(3):404 (1996). Other peptides include melittm 
and derivatives, which are membrane chaimel formers. M. Pawlak et aL, Protein 
Science, 3:1788-1805 (1994). GALA has been conjugated with a polycationic 
polymer (polyamidoamine cascade polymers, dendritic polymers synthesized 
fiom methyl aery late aiui elhylenediamine), and Ae polycationic polymeric 

30 block has been coriq)lexedwiftplasmids encoding rq)6rtergen^ J.Haensler 
et al,. Bioconi, Chem,. 4:372-379 (1993). These compounds are believed to 
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disrupt the membrane by changing ftom a random coil to hydrophobic helix» 
thereby fusing i?vith and/or forming a pore in the membrane. 

None of fliese methods or materials have solved the transport or delivery 
problems. It would therefore be advantageous to provide improved 
S conqposdtions for delivering diagnostic and/or ther^>eutic agents to the 
cytoplasm of a cell witiiout significant lysosomal degradation. 

It is another object of tiie present invention to provide compositions for 
enhanced transport of diagnostic or tlierapeutic agents^ including proteins and 
genetic iwatftrial^ or other molecules ttrough other cell mCTofaranes, cell barriers 
10 or cell layers, or ftroughUpid membranes. 

It is a forfher object of ttie present invention to provide compositions 
for the release of cell or microorganism contents for subsequent recovery and/or 
analysis. 

It is a further object of the present invention to provide such 

15 compositions that can be controlled and manipulated externally, for example, 
using non-invasive means such as ultrasound to enhance delivery or transport 

Summary of tiie Invention 
Compositions and mefliods for transport or release of therapeutic and 
diagnostic agents or metabolites or other analytes &om cells, compartments 

20 within cells, through cell layers or cell barriers, or lipid membranes are 
described. The compositions include a membrane disruptive agent or 
**membrane barrier transport enhancing agenf which becomes m^brane 
disruptive following odocytosis, releasing cellular contents or releasing a 
tiierq[)euti<^ (fiagiK>stic or prophylactic agent to 

25 The membrane disriq>tiveag^ is a hydrophobic polymer (or at least is 

more hydrophilic lbm hydrophobic at a define pH, such as pH 7, as compared to 
a lower pH, such as pH 5), yMch in the preferred raibodiment is designed to be 
stable and inert at physiologic conditions and to become both endoosomolytic 
and drug-releasing as the pH drops within the endosome. The membrane 

30 disruptive agent may be a hydrophobic polymer vddch is coupled to a 

hydrophilic polyma or multiple hydrophilic groups which are released after 
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endocytosis to e^ose tite hydrophobic polymer or a hy drophilic polymer which 
is protonated after endocytosis to yield a hydrophobic polymer, all of ^ch are 
membrane disruptive. The hydrophilic components are preferably coupled to the 
hydiophilic component via a degradable linkage^ most preferably an acid labile 

5 linkage v^di is cleaved following endocytosis. Inoneembodiment»the 
membrane disruptive agent is coupled to hydrophilic groups in an amount 
effective to make the polymer soluble in an aqueous solution and allow passage 
through the cell wall of the pplymcar. The hydrophilic groiqis are coiqpled to the 
polymeric backbone via linkages that are disnqpted \spon exposmc to an 

1 0 qjpropriate stimulus, t^ically a change ui pH, and most Really a decrease in 
pH from physiological pH ^.e., typicaUy pH 7.4) to the pH of the endosome 
(^proximately between 5 and 6.5). Witibflie removal ofthe hydrophilic groups, 
the polymer again becomes hydrophobic and disrupts the endosomal memfarane, 
releasing the endosomal contents into tiie cytoplasnL 

15 The hydrophilic groups can be linked dhectly to the hydrophobic 

polymeric backbone or can be on a polymer which is linked to the hydrophobic 
polymer via degradable (or disnq)table) linkages. In either case, exposure to 
low pH or the stimulus vMch ^snxpts the linkages releases tibe hydrophobic 
polymeric backbone, which then disrupts the endosomal or other cellular 

20 membrane. In a preferred embodiment, tiie hydrophilic groups are a polymer, 
such as polyethylene glycol (PEG), whidi helps prevent uptake and clearance of 
tibe composition by phagocytic cells of flie reticuloendothelial system (RES) 
prior to uptake by the cells to which the tfaerq)eutic, diagnostic or prophylactic 
agent is to be delivered In another embodiment the hydrophilic groiqis are 

25 PEG groups, \i^ch are conjugated directly to drug molecules and are 

conjugated to the hydrophobic backbone by add degradable linkages (also 
refened to herein as "^H-degradable linkages")- In another embodunent, the 
hydrophilic polymer corrtains disulfide-linked drugs, designed to deliver drug- 
SH molecules within the cytoplasm. 

3 0 The membrane disruptive agents may be used to deliver "fra^e" drugs, 

sudi as DNA plasmids, antisense oligodeoxynucleotides (ODNs) and 
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cytoplasmio-based protein iherapeutics> as immnnotoxms. They may serve as 
carriers for proteins or peptides designed for entry into the MH 1 pathway for 
vaccine applications. The polymeric drug carriers may also be targeted to 
specific cell targets. The agents to be delivered may be linked to either the 
5 hydtophilic or hydrophobic components, or to the polymer which is converted to 
a hydrophobic polymer after endocytosis. In the preferred embodiment these 
linkages are add degradable. In a preferred embodiment these linkages are 
acetal bonds. In another embodiment, the 1herq>eiitic, diagnostic or 
prophylactic agent is bound to acid degradable linkages by disulfide bonds. The 
1 0 ag^ to be delivered can also be coupled via polycatiomc materials like 
polylysine, polyethyleneunine, or chitosan, which form a complex wifli the 
agent to be delivered, stabilizmg the agent and in some cases further enhancing 
endocytosis by causing membrane disnq[)tion, and/or targeting molecules in^ch 
direct deUvery and iq>take to specific cells. 
1 5 The compositions can also include a carrier, for example, nanoparticles 

or microparticles, liposomes or lipid vesicles. The lipid vehicles, especially 
cationic liposomes, may thmselves cause membrane disn5)tion. The 
membrane disnq)ting agents can be incorporated onto, into or within these 
carriers. They can be mixed with, ionically complexed to, or chemically 
20 conjugated to the the polyplex or lipoplex carrier particles. The compositions 
can be applied to solid sur&ces, form hydrogels, and/or act as drug carriers. 

The compositions are particularly nsefiil in a wide variety of diagnostic 
assays, far example, v^Aiere cellular contents are to be assayed for levels of 
particular analytes, for genetic material, or for ttie presence of specific cell 
25 types, or a variety of microorganisms as contaminants, or as bacterial or 

parasitic infections, or v^ere a diagnostic agent is to be delivered into the cell to 
be diagnosed The compositions can be administered systemically or locally 
. . using known mettiodologies, in an amomit effective to diagnose or trea^ 
inneed thereof Thematerialsareparticularlyusefiilfordeliveiy of genetic 
3 0 material to cells in vitro, for example, for gene ther^y and fi)r delivery of drugs 
tocellsmvrvo. DeUvery ofthe agents, or disriq>tionof&e membrane to release 
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cell or organelle contents can also be achieved by adjusting tiie pH, for example, 
by adding acid to the environment of the cells or organelles, to trigger 
membrane disruption. 

Brief Description of the Drawings 

5 Figure 1 is a schematic of the synthesis of a conjugate of a hydrophobic 

polymeric baddx>nehavmg PEG (MW 5000) coi^led thereto. As depicted, the 
li^drophobic polymer includes a hydrophobic backbone and at least one side 
chain which mcreases water solubility, and a pH unstable linker. The PEG is 
coupled via a acetyl bond on tiie pH unstable linker to the hydrophobic polymer. 

10 Figure 2 is a graph of the percent hemolysis by the conjugate of Figure 

1 at pH 5.0 (squares) compared to lysis atpH 7.4 (drcles) as afimction of the 
amount of polymer (micrograms). 

Figure 3 is a schematic of ttiree pol>mer conjugates. The drug is 
connected to the membrane disruptive polymer backbone in a number of 

15 different manners, uichiding directly, via PEG groups, via disulfide Imkages, or 
via PEG-disulfide groups ftrou^ the use of acid degradable Imkages. This 
figure also depicts how tiie drug is delivered to the cytoplasm. 

Figure 4 shows the chemical structure of three embodiments of the 
described compositions. Polymer El, Polymer E2 and Polymer E3. In each of 

20 these compositions, the membrane-disruptive backbone is a terpolymer of butyl 
melhacrylate (BMA), dimethylainmoethyl methaaylate (DMAE^ 

styrene benzaldehyde. 

Figure 5 is a schematic of the synthesis of the composition depicted in 
Figi]ie4. 

25 Figure 6A is a graph of tiie pH-dependent hydrolysis of Polymer El . 

Percent hydroly^ versus time (minutes) is plotted for pH 5 .4 (squares) and pH 
7.4 (stars). 

Figure 6B is a graph of &e pH-dependent hemolysis by Polymer El . 
Percent hemolysis versus conceatration of Polymn El (fig/ml) is plotted for pH 
30 5.0 (squares) and pH 7.4 (stars). 
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Detailed Description of tiie Invention 
A. Compositions for Enhancing Membrane Transport and Methods of 
Manofactore Thereol 

The compositions for enhancing membrane transport include: 
5 L A membrane disruptive conq)onent, typically a polymer including 

a) Syndietic vinyl-type cationic/hydrophobic polymers and their 
hydrophilic derivatives tiiat become hydrophobic at the pH of the endosome, 

b) Non-vmyl or naturally-derived polymers and their hydrophilic 
derivatives tiiat become hydrophobic at the pH of the endosome, 

10 c) Pqytides\vfaich are membrane disnqitive, such as tiioseiT^ch mixiu 
certain viral pq[>tides, 

d) Phospholipid Bilayer Disnq)ting Agents, or 

e) Polymers i^ch become membrane disruptive upon exposure to a 
stimulus other than pH. 

15 n. Optionally, a hydrophilic component which makes the membrane 

disnq)tive conqwnent soluble and, preferably, "long circulating" in physiologic 
media, typically 

a) hydrophilic polymers like PEG, or 

b) groups having an ^propiiate charge and in an amount neutralizing the 
20 hy drophobicity of the membrane disruptive component which are coiqpled 

diiectiy to die membrane disruptive component, and 

TTT. Add degradable or stimulus-disnq)tive linkages coupling the membrane 
disnq)tive component (also referred to herein as the hydrophobic polymeric 
backbone) and the hydrophilic components or coupling the membrane disruptive 

25 component directiy to a tfa^peutic, diagnostic or prophylactic agent 

IV. The coiyugale is coiq)led to a therapeutic, diagnostic or prophylactic 
agent to be delivered, via covalent or ionic bonds, directiy or via an indirect 
linkage to the hydrophilic and/or hydrophobic componrats. 
V-VL Optionally, die coiyugate may also have a targeting Ugandcoiq;>led 

30 hydrophobic polymeric backbone or to the hydrophilic component, endosomal 
transport ftnhflnHng agents or lysosomal inhibitors, and/or carriers. 
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1. Membrane Barrier Transport Enhancing Agents 

Any membrane disnq}ting agent can be used to alter transport tfarongh 
cell membranes, liposomes or other lipid vesicles, membranes within a cell or 
to)ugh a layer of cells such as the stratum comeum, whidi does not adversely 
S affect the ability of the Iher^eutic, diagnostic or prophylactic agent to function 
foUowmg deUveiy, and viAdch disnq>ts the membrane or inte^ 
fhat the agent to be deUveredimsses through the ceU or ceUl^e^^ Although 
lefened to hsmn as "membrane disrqitive agents'*, fhe agents may not actually 
disrupt ^ membrane and therefore the temi is used mtearchangeably with 

10 Membrane barrier transport enhandng agents^. Althougjh described herein with 
reference to disruption of endosomal membranes as conq)ared to cell 
membranes, cell barriers, layers of cells, or liposomal membranes, tiie agents 
can be used for delivery to cells, out of cells, or across cell layers or barriers 
such as the blood brain barrier, or liposomes or other lipid vesicles by disruption 

IS of membranes other than endosomal membranes, if fhe stimuli to induce 
disruption can be selectively provided at the cell membrane to be disnqyted. 

Polymers tiiat can be used to disnq)t membranes have enough 
hydrophobic groins attached to them to cause them to partition into membranes 
such as endosomal membranes and disrupt them. 

20 a) Synthetic vinvUtvpe cationic/hvdrophobic volvmers and the ir hvdrouhilic 
dematives that become hvdrovhobic at the vH ofthe endosome. 

Any polymer can be used wfaidi is not hydrophobic at physiological pH, 
^ically in tiie range of between 6.8 and 7.5, and ^proximately 7.4 mside cells, 
but \^cfa becomes hydrophobic at the pH inside the enddsomes (between 5.0 

25 and 63). Polymers wMchmcludemultqplecarboxyUc acid groiqps,fo 

polymers with more than 0.5 carboxylic add groi9>s per monomer on average, 
tend to be relatively hydrophilic at pH ranges m vMch the carboxylic acid 
gioiqis are depcotonated, and tend to be relatively hydrophobic at pH ranges in 
which the carboxylic acid gro^>s are protonated. ThepKaforcarfooxjrlicacid 

30 gix>iq}s is such that they tend to be protonated at the pH range presoitm 

endosomes. Examples of these endosoinal membrane disruptiiig agents include 
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pH sensitive polymers v^ich do not disrapt cell memhranes at physiological pH 
but ^viudi disrupt the ^dosomal membrane at the pH range inside the 
endosomes, random}, block or graft copolymers of tiiese polymers with peptides 
which become hydrophobic at the pH range in the endosome and polymers^ 

5 proteins and pq>tides \^ch attack phospholipid bilayers* 

Hie molecular weight of die vinyl-type polymers has marked effect on 
the pH dependence of permeability of the hydrophobic polymer to the bilayer 
membrane. For exanaple,TirreUetal., reported that PEAA with U 
molecular weight tends to disnqyt a phosphatidylcholine vesicle membrane at a 

1 0 leladvely higher pH while PEAA with lower molecular weight tends to disnqyt 
the phosphatidylcholine vesicle membrane at a relatively lower pBL A 50% 
fusion of PEAA into a phosphatidyldioline vesicle has been shown to occur at 
pH 625 for PEAA with a MWw weight average molecular wdght) of 
24,900 Daltons. 'niesame50%iiisionofPEAAhasbeeni^owntDOCCuratpH 

15 5.5 for PEAA with a MWw of 6,000 dalton. See J. G. Linhardt and D. A. 
Tiirell, "pH-Induced Fusion and Lysis of Phosphatidylcholine Vesicles by the 
Hydrophobic Polyelectrolyte Poly(2-etiiylacrylic Acid)", Langmuir, 16:122-27 
(2000); U. K. Schroeder, D. A. Tirrell, **Structural Reorganization of 
Phosphatidylcholine Vesicle Membranes by Poly(2-ethylacrylic acid). Influence 

20 of tibe Molecular Weight of the Polymer^, Macromolecules. 22:765-69 (1989). 

Random, block and graft copolymers that include acrylate groups and 
all^l substituted acrylategroirps are preferred. Preferably, the alkyl groiq) is a 
Cl-6 straight, branched or cyclic alkane. Preferred monomers for use in 
preparing the polymeric materials include poly(ethylaaylic acid) ^EAA), 

25 polydttopylaaylic add) (PPAA) and poly(butylacryIic acid) (PB AA). 

Copolymers of these monomers by themselves or including acrylic acid can be 
used. An exanq[>le of a random copolymer is EA-AA. This may be modified by 
grafting of eittier component to the baddx>ne of the other component, or as a 
block copolymer of a blodc of one polymer conjugated to a block of the other. 

30 The badd)one polymer may be a syntiietic, free radical polymerizing 

type of polymer or copolymer prepared ftom cationic (or basic) monomers such 
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as: vinyl imidazole, vinyl pyridene, vinyl formamide or acetamide (polymers of 
vAdch can be hydrolyzed to poly[vinyl amine]), aminoethyl or 
dimethylaminoethyl mefliacrylate (or acrylate), aminoethyl or dimethyl 
aminoethyl (or propyl) methaciylamide (or acrylamide), vinyl aniline and its 

5 derivatives. These monomers may be cqpolymerized with more hydrophobic 
monomers such as the alkylacrylates or methacrylates,styiene, and others. If 
the hydrophobic diaracter of Hus backbone polymer is too great, making it 
difBcQtttodissoWeeven^enbomdtotbehydrophiUcconqK>nenta^ . 
in more detail below, then it can be made more hydrophilic by copolymerizing 

10 the hydrophobic monomers or polymer witti a more hydrophilic monomer such 
as HEMA (2-hydroxyefliyl melhacrylate), vinyl pyrrolidone, hydroxypropyl 
metbacrylamide (HPMA) or acrylamide. 

Random, block or graft copolymers of pH sensitive polymers with 
sulfonate groups can also be synthesized. The sulfonate groups will interact 

1 5 strongly via ion-ion interactions witfi the charges on the cat! onic polymer or 
lipid DNA carriers and should enhance the physical coupling of the sulfonated 
polymer with the cationic carrier. The carboxyl groiq)s on the pH-sensitive 
polymers should not interact as strongly as the sulfonate groups with 4e cationic 
groups on the carriers. The pH sensitive polymers can be modified by inclusion 

20 of AMPS, a sulfonated propyl acrylamide monomer. In addition to pendant 
hydrophobic and -COOH groups in the polymers, monomers that have pendant 
sulfonate groups can be added (e.g., using a monomer called AMPS, which is 
commercially available), which would permit strong ionic bonding of the 
memhrane-disnptive polymer to a cationic DNA carrier, including cationic lipid 

25 micelleg or liposomes, polymeric cations and dendrimers. The sulfonate group 
(S03-) will couple much more strongly to a quaternary cationic group than will 
&e COQ- group, and at tiie pHs of 5-6. 5 withm the ^idosome, only tiie carboxyl 
group will be protonated, due to tiie low pKa of the 803- group, 
b) Non-viml or naturalhhderived pohmers and th eir hydrophilic 

30 derivatives that become hydrophobic at the pH of the endosome. 
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A number of other non-vinyl **naturally-derived" or synthesized cationic 
polymers may also be used as the backbone polymer, including synthetic or 
natural polypeptides such as poly(L-lysine), polyarginine, protamine, chitosan, 
aminoethyl dextran, and polyethylene imine. These are particularly useful for 

5 complexing anionic drugs such as nucleotide molecules, including 

oligonucleotides such as andsense, iibo2ymes» and libos^e guide sequences, 
as well as genes. Agents to be delivered can be complexed with the polymer or 
conju^tedtothem. The polymers suc^ as the poly(L-lysine and arginine) can 
also be modified by conjugating a reactive Z-hydrophobic-X-hydrophilic group 

10 or 2^hydrophobic group to their backbones, where Z is a group that can react 
with or be activated to react with tiie amine groups in flie polymer backbone, 
and X is a pH-degradable linkage, and then coiq)ling &e agent to be delivered to 
the 2i-hydrophobic-X-hydrophilic conjugate via the Z group. 

Otfa^ polymers such as cellulosics, hyaluronic acid, alginic add, 

15 polysaccharides, poly HEMA, polyacrylic or methacrylic acid, poly alkylacrylic 
acids such as poly(propyl acrylic acid) and so on may be used as backbones for 
complexing or conjugating a drug along with conjugation of the reactive Z- 
hydrophobic-X-hydrophilic group or Z-hydrophobic group to the backbone 
polymer. 

20 The polymers can also include blocks of other polymeric materials, 

including polycationic blocks such as polylysme and chitosan that form 
con5>lexeswitiigeaietic material. Such polycationic polymers are well laiown to 
those of skill in the art The polymers can also be covalently coupled to one or 
more naturally-occurring polysaccharides, e.g. a hydrocarbon ester of 

25 carbox)nne%l cellulose (CMC), hydrocarbon esters or amides of hyaluronic 
acid (HA). The hydrocarbons can be or can include cholesterol and other 
hydrophobic molecules. 

Dxpoitant variables of polymer conq)osition vduch alter polymer 
characteristics include molecular weight C^MW) and its distribution, tacticity of 

30 the backbone polymer bond configurations, copolymer structure, degradable 
bonds, and polymer compositiorL For example, polymers can be synfliesized in 
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stereoregular fonns (e.g., isotactic or syndiotactic fonns, which are 
stereoregular), or atactic form, which lacks any stereoregularity. This can be 
controlled, for example, through selection of appropriate catalysts and solvents 
for the polymerization. Copolymers are formed fix)m two or more different 

5 monomers. Hiese can be random copolymers, with random organization of the 
two monomers along the backbone of tiie polymer chain, or they may be block 
• copolymers, wi& long segments of one polymer attached to relatively lo^ 
segments of the other. Thqr can also be graft copolymers, where one of the two 
components is a macromonomer, or is coiqpled as a side chain to the oOxx, 

10 which forms the copolymer backbone. The block or graft copolymers can 
contain segments that act to disrupt lipid membranes and other segments that 
can cany ionically or covalently coupled drugs, i^iere DNA is an exanQ>le of an 
ionically bound drug. The covalently coupled drugs may be coupled via add 
degradable bonds. 

15 c) Peptides 

Peptides ^ch lose their charge at a lower pH and become 
hydrophobic, thereby altering their structure or other properties, disrupting flie 
endosomal membrane in the process, can be used as polymeric blocks with the 
pH sensitive polymers described above. Examples of such peptides include viral 

20 and bacterial peptides, such as influenza virus peptides, peptides that include the 
23 amino terniinalanuno add sequence ofinfluenza virus hemagglutinin, a^ 
peptides that mimic the manner in which viruses destabilize endosomal 
membranes in an addification dependent manner. Such peptides mimic flie 
stnictoreofvirusprotems which destabilize endosomal membranes. For 

25 example^ peptides based vpon the influenya virus protein hmiagglutimn (HA) 
have been shown to undergo a structural change at lower pH due to protonation 
of caiboxylgroiq>s, triggering formation of an a-heUcalconforn[iati These 
amphipaduc helices can then penetrate and cause disruption of the endosomal 
membrane. Exanq>les of suitable peptides include EALA and mellitm. 

30 These pq>tides can be iiicorporated into polymers, for example, the pH 

sensitive polymers described above. GALA-polyacrylic add graft copolymers 
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can be prepared, for example, by polymeiizing an N-acry loxysuccinimide 
monomer via free radical polymerization, reacting the resulting poly-(N- 
hydroxysucdnimide) (poly-NHS) with a desired mole ratio of GALA in a polar 
qjtotic solvent such as dhnethylsulfoxide (DMSO), and hydrolyzing the 

5 Tfipiaining mireacted NHS groups to yield the graft co-polymer. The mole ratio 
of GALA to the acryloxy monomers should be less tiian one, such that 
caibo^^lic add groups are present in the final polymer. Without the remaining 
carbo>^lic acid groups, the ability of the polymer to respond to changes inpHis 
limited The incorporation ofpeptidesiiito these polymers dramatically 

1 0 enhances and in some cases can confer activity on the peptides ^^^hen they are 
otiierwise ineffective. 

Structurally related graft co-polymers can be prepared by substituting 
different NHS-substituted monomers, for example, methyl acrylo^Q^ 
sucdnimide, etiiyl acryloxy sucdnimide, propyl acryloxy sucdnimide, butyl 

1 5 acryloxy sucdnimide, and combinations thereof 

Block copolymers can be prepared by synthesizing sequences of EALA 
attached to sequences of mellitin. Block copolymers can also be prepared that 
include different synthetic polymers using group transfer polymerization 
techniques. Conjugates oftwo different polymers or peptides may be more 

20 effective than either one alone, or physical mixtures of the two. Purification of 
tiie conjugate from the fi:ee components can be performed using ion exchange 
chromatogrq)hy, for example, strong cation exchange. It is advantageous to 
remove the free polymer from the conjugate of the polymer and tiie agent to be 
delivered. The firee polymor, being negatively charged, can be separated fix>m 

25 the conjugate via ion exchange chromatograi^y. The n^ative charge serves to 
alter tiie affinity of the antibody for the cation exchange matrix, making it 
possible to separate fi?ee antibody fit)m the conjugate as ^11. 
4) Phospholipid Bilaver Disruotim Assents 

Polypeptides and polymers \^di include imidazole groiips can also be 

30 endosomal memlnrane disnqyting agents, which fimction by attacking the 

phospholipid bilayor at a lower pH. The imidazole groups hydrolyze phosphate 
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esters and caiboxyl esters. Hydrolysis of Kpids leads to the formation of 
lysophospholipids and &tty adds, both of A^ch destabilize phospholipid 
bilayers and cause the disruption of cell membranes. Accordingly, these 
polymers and peptides can be used as polymeric blocks and coiipled to tiie pH 

S sensitive polymers and proteins described above. 

Suitable polymers and polypeptides include polymers including vinyl 
imidazole monomelic units and proteins and peptides containing histidine 
residues. For example»monomericediyl acrylic add can be copolymerizedwi& 
vinyl imidazole. At pH 7 A tius polymer will not interact vnlh die lipid bilaye^ 

10 however, at low pH this polymer will become hydrophobic and interact witii the 
endosomal membrane, bringing the imidazole groiq> close to the phosidiolipids, 
v^ere it can hydrolyse them and cause membrane disnq)tion. Polyimidazolehas 
its greatest catalytic activity i^en it is half protonated and half deprotonated. 
The pKa of polyimidazole is about 6.5, and hence polyimidazole should have 

15 greater activity in endosomes. These polymers and polypeptides can be used to 
form block or graft copolymers widi flie pH sensitive polymers and peptides 
described above. 

e) Polymers which become membrane disruptive upon exposure to a 
stimulus other than pK 

20 Materials which become membrane disriq)tive agents in response to 

stimuli other than pH, including temperature, light, electrical stunxili, radiation, 
ultrasound, and combinations tiiiereof, alone or in furOier combination witii pH 
sensitive ag^ts, can also be used. Illustrative polymers described herein are 
temperature, pH, ion, and/or light-sensitive polymers. A. S. Hofianan, Artif 

25 Orpans^ 19:458-467 (1995); G. H. Chen & A. S. Hofl&nan, MacromoL Chem. 
Phvs., 196:1251-1259 (1995); Nt Irie & D. Kungwatchakun, MaokromoL 
Caiem., T^ftpiH rntnmim^ 5:829-832 (1985); and M. Irie, ACS PoIvhl Preprints. 
27(2):342-343 (1986). 

Temperature Sensitive Polymers 

30 Temperature sensitive polymers are described by Feijen, et aL, 11th 

European Conf on Biomtls.. 256-260 (1994); Monji & Hoffinan, AppL 
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Biochem. and Biotech., 14:107-120 (1987); Monji, et al., Biochem. and 
RmpTiyQ T?i>Q Cnmm ^ 172:652-660 (1990); Padc, et al., J. Biomtls. Sd. Polymer 
Ed, 4:493-504 (1993); Chen and Hof&nan, Bioconi. Chem., 4:509-514 (1993); 
Ding, et aL, Bioconi. Chem. J :121-125 (1995); Chen and Hoffinan, MacromoL 

5 Chem.Phvs.> 196:1251-1259 (1995); Takei, et al., Bioconi. Chem.> 4:42-46 
(1993); Takd, et al., Bioconi. Chem.. 4:341-346 (1993); Takei, et al., Bioconi. 
ChePL, 5:577-582 (1994); Matsukata, et aL, J. Biochem.. 116:682-686 (1994); 
Chilkoti, Bioconi. Chem., 5:504-507 (1994). 

ntustiative embodiments of the many different types of tenq)eratm:e- 

10 lesponsive polymers are polymers and copolymers of N-isoint>pyl aciylamide 
Q^IPAAm). PolyNIPAAm(PlOTAAm) is a tiierinaUy sensitive polymer fl^ 
precipitates out of water at 32_C, which is its lower critical solution temperature 
(T PRT) nr nIniiH pnint (ffeglrins A Gmllet L MacromoL Sci.-CheD[L, A2: 1441- 
1455 (1968)). WhOT PNDPAAm is copolymerized witii more hydrophilic 

15 comonomers such as acrylamide,tiieLCST is raised. The opposite occurs when 
it is copolymerized with more hydrophobic comonomers, such as N-t-butyl 
acrylamide. Copolymers of NIPAAm with more hydrophilic monomers, such as 
AAm, have a higher LCST, and a broader temperature range of precipitation, 
while copolymers with more hydrophobic monomers, such as N-t-butyl 

20 acrylamide, have a lower LCST and usually are more likely to retain Ihe sharp 
transition characteristic of PNIPAAm (Taylor and Cerankowski, J. Polymer Sd.. 
13:2551-2570 (1975); Priest et al., ACS Symposium Series, 350:255-264 
(1987); and Heskms & Guillet, J. MacromoL ScL-Chem.. A2:1441-1455 (1968). 
Copolymers can be produced having higher or lower LCSTs and abroader 

25 temperature range of precipitation. 

Temperature-responsive polymers such as PNIPAAm have been 
conjugated randomly to afBnity molecules, such as monoclonal antibodies, for 
example, as described in U.S. Patent No. 4,780,409 to Monji, et al.; and Monji 
& Hofifinan, Annl. Biochem. BiotechnoL 14:107-120 (1987). Activated 

30 PNIPAAm has also been conjugated to protein A, various enzymes, biotin, 
phospholipids, RGD peptide sequences, and otiier interactive molecules. 
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By randomly copolymerizing a thennally-sensitive NIPAAm with a 
small amomt (e.g. less flian 10 mole percent) of a pH-sensitive cx)monomer such 
as acrylic acid (AAc), a copolymer will display both temperature and pH 
sensitivity. Its LCST will be almost unaffected, sometimes even lowered a few 

5 degrees, atpHs where the comonomer is not ionized, but it will be dramatically 
raised iftfaepH-sensitivegroiqis are ionized. When the pH-sensitive monomer 
is present in a higher content, the LCST response of the tempexatmc sensitive 
ccmiponent may be "eMnunated" (e,g., no phase separation seen up to and above 
100_C). Graft and block copolymers ofpH and temperature sensitive 

10 monomers can be synthesized which retain botii pH and temperature transitions 
independentty. G. H. Chen & A. S. Hoffinan, Nature, 373:49-52 (1995). 
Pofymers sensitive to other ermronmentdl stimuli 
Polymers srasitive to other enviromnmtal stimuli, such as ion 
concmtration, ion a£5nity and differential solubility, ate reported by Fujimura, 

15 et al., Biotech. Bioeng.. 29:747-752 (1987); Nguyen & Luong, Biotech. Bioeng., 
34:1 186-1 190 (1989); Taniguchi, et al., Biotech. Bioeng., 34:1092-1097 (1989); 
MoTiji. et al.. L Biomtis. Sci. Polvmer Ed.. 5:407-420 (1994); Chen & Hoffinan, 
Biomfls.. 1 1 :63 1-634 (1990); Stayton, et al.. Nature. 378:472-474 (1995). 
Polysaccharides such as carrageenan change their conformation, for 

20 exan:q)le, fix)m a random to an ordered conformation, as a function of exposure 
to specific ions such as K+ or OH-. A solution of sodium alginate may be 
gelled by exposure to Ca++. Other specific ion-sensitive polymers include 
polymers witii pendant ion chelating groups, such as histidine or EDTA, A lipid 
or phospholipid gcoxsp can also be chemically or ionically coiq>led to the 

25 membrane-disnq>tive polymer backbones, to fedlitate its insertion into cationic 
lipid micelle or liposome DNA carrier systems. This could be done, for 
exanq>le, by conjugating a fetty alcohol to the carbo^l pendant gpnsp to form 
an ester groiq>, or by conjugating a dipalmitoyl phosphatidyl ethanolamine to the 
carboxyl pendant group to form an amide group. Lipid groi:^ could also be 

30 chemicaUy-coi^led to a termiiial or pedant groiq) of the polymers. If the 
sulfonated monomer AMPS, described above, is used in the membrane- 
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disruptive polymer, then one could ionically-complex a cationic lipid to Ae 
polymer to facilitate its insertion into cadonic lipid drug carrier systems. 
Light-sensitive Polymers 
Light-responsive polymers usually contain chromophoric groups pendant 

5 to or along the main chain of the polymer and, \^en exposed to an appropriate 
wavelength of light, can he isomerized fix>m the trans to flie ds form, which is 
dipolar and more hydiophilic and can cause reversible polymer conformational 
changes. Oflier light sensitive compounds can also be converted by light 
stimulation fipom a relatively non-polar hydrophobic, non-ionized state to a 

10 hydiophilic, ionic state. It is also possible to incoipomte multiple environmental 
s^isitivities in the same polymer, such as temperature and light sensitivity, by 
copolymerizatioiL 

In the case of pendant light-sensitive groiq) polymers, the light-sensitive 
dye, such as aromatic azo compounds or stilbene derivatives, may be conjugated 

IS to a reactive monomer (an exception is a dye such as chlorophyllin, ^^ch 
already has a vinyl group) and then homopolymerized or copolymerized with 
other conventional monomers, or copolymerized with temperature-sensitive or 
pH-sensitive monomers using the chain transfer polymerization as described 
above. The light sensitive group may also be conjugated to one end of a 

20 different (e.g. temperature-) responsive polymer. A number of protocols for 
such dye-conjugated monomer syntheses are known. 

Light-sensitive compounds may be dye molecules that isomerize or 
become ionized when they absorb certain wavelengths of light, convertmg them 
fiom hydrophobic to hydrophilic conformations, or they may be other dye 

25 molecules which give offheat when they absorb certain wavelengths of lighL In 
the former case, the isomedzation alone can cause chain expansion or collapse, 
while in the latter case the polymer will precipitate only if it is also t«iperature- 
sensitive. 

Light-responsive polymors usually contain chromophoric groiq>s pendant 
30 to the main chain of tiie polymer. Typical chromophoric groups that have been 
used are the aromatic diazo dyes. Ciardelli, Biopolvmers. 23: 1423-1437 (1984); 
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Kiingwatchakun & Me, MakroTnoL Cherpu, Rap iH nnmmnn,, 9:243-246 (1988); 
Lohmann & Petrak, CRC Crit. Rev. Tlierap, Drug Carrier SvstCTtis, 5:263 
(1989); Mamada et aL, Macromolecules. 23:1517 (1990). When tbis type of dye 
is exposed to 350-410 nm UV light, the trans form of the aromatic diazo dye, 

5 vMoh is more hydrophobic isomer, is isomerized to the ds form, which is 
dq>olar and more hydrophilic. This isoinerization can cause die polymer to 
midergo conformational changes, causmg a turbid polymer solution to clear, 
depending on the degree of dye-conjugation to the backbone and the water 
solubility of the mam unit of tiie backbone. Exposure to about 750 nm visible 

10 light will reverse the phenomenon. Conversion ofthe pendant group from a 
hydrophilic to ahydrophobic state can also cause individual diains to e?q>and or 
collapse Iheurconfomiations. Such light-sensitive dyes may also be 
incorporated along the msAn chain of the backbone, such that the conformational 
changes due to light-mduced isomerization of the dye will cause polymer chain 

IS conformational changes. When the polymer main chain contamslig^ sensitive 
groiq)s (e.g., azo benzene dye) the light-stimulated state may actually contract 
and become more hydrophilic upon light-induced isomerization. 

Light can be used as a stimulus, for example, which converts a cationic 
dye to a neutral, more hydrophobic dye, thereby releasing anionic DNA and also 

20 producing a more hydrophobic molecule which can disrupt endosomal 
membranes. 

n. Hydrophilic components, 

a) hvdropMic polymers 

A wide variety of hydrophilic polymers can be used to solubihze the 

25 hydrophobic polyma component before it is e3q>osed to tiie stimuli at the site 
where deUveryoftiiethen^eutic^ diagnostic or prophylactic agent is desired. In 
a prefecred embodiment, the hydrophilic component is a poly alkylene glycol or 
polyall^lene oxide, such as polyethylene glycol (PEG) or polyethylene oxide 
(PRO). In a preferred embodiment, Ihe hydrophilic polymer is PEG. Previous 

3 0 studies have shown tiiat PEGylation can minimize clearance tiirough the 
reticuloendothelial (RES) system, significandy improving the stability. 
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circulation lifetime, and biodistribution properties of a wide variety of delivery 
systOTis. M.C. Woodle, in Polvfethvlene-glvcon Chemistry and Biolojedcal 
A pplications. J.M. Harris JM & S. Zalipsky Eds., (Washington, DC: American 
Qiemical Society 1997), pp 60-77. PEGyiated therapeutics have also been 
S qyproved for human use by the FDA. 

A sdiematic diagram of a conqx>sition for euhancing membrane 
transport of drugs is dq)icted in Figure 3. The composition has tiie Mowing 
components: amembrane-disn^ve badcbone (lineX acid-degradable linkers 
(oval), PEG grafts (eUipsoi^, conjugated drug molecules (oval) and a 

10 conjugated targ^ingligand (anew). At pH 7.4 flie polymers are serum stable 
and nontoxic because tiiey are PEGyiated C'masked*'); however, after 
endocytosis the acid-degradable Imker hydrolyzes and the polymer backbone 
becomes de-PEGylated Omiasked'O mdmenilnrane-disriq^ caudng 
endosorual disnqrtion. In an ahemative embodiment, Ifae backbone could 

1 5 contain pH-sensitive groiQ)s, such as PPAA, and thus would be soluble at pH 7 
so it would not need to be PEGyiated and then **unmasked" after lowering the 
pH. 

Other suitable hydrophilic polymers include polyethyleneoxide- 
polypropyleneoxide block co-polymers, such as the PEO-PPO-PEO block 

20 copolymers madceted by BASF as PluronicsTM; polyvinyl pyrrolidone; 

polyacrylamide or methacrylamide and tiieh: derivatives, such as N-alkyl amides 
or hydroxyall^l amides; polyacrylic or methacrylic acid; poly alkylacrylic acids, 
such as poly(propyl acrylic acid); poly HEMA; polyvinyl alcohol; cellulosics, 
sudi as hydioxyethyl cellulose (HEC) and carboxymethyl cellulose (CMC); and 

25 polysaccharides, such as dextran, l^aluronic acid, alg^iate, and carrageenan. 
The hydrophilic polymer may also be a hydrophilic protein or peptide, 
b) Groiq>s having an qipropriate dharge and hi an amount neutralizing or 
^maskmg^ the hydrophobicity of the membrane disruptive component which are 
coupled directty to tiie membrane disrqrtive cornponent 

30 Representative groiq)S that can be liiiked to the hydrophobic poly^ 

create a ^^hydrophilic mask^ include hydroxyacids such as glycolides, amines, 
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thiols, molecules containing caifooxyl group, amino acids, and other small 
molecules including these gro\q>s. r 
c) Hvdrophilic Agents to be Delivered 

Altiiough described in more detail, in onei embodim^t the hydrophobic 
5 polymer can be made to qipear hydrophilic until after endocytosis by coupling a 
hydiophiUc therapeutic, diagnostic or prophylactic agent, such as most proteins, 
to the hydrophobic membrane disruptive polymer. By coupling the agent to the 
hydrophobic polymer using an add labile linkage, the agent is released and the 
membranes disrupted at the same time. 
10 nL De^dable or Stimnhis Disrup tivft T Jnlra pes between hydrophobic 

component and hYdinp hi llc component and/or between hydrophobic 

component and a therapentic> dia^ostic or prophylactic agent 
a) Degradable Linkages 

As discussed above, the linkage coupling the hydrophobic membrane 
IS disruptive agent to a hydrophilic polymer, agent to be delivered, or hydrophilic 
groins is critical to obtaining release of the hydrophilic agents and disruption of 
the cell or organelle membranes. In the preferred embodiment, these are acid 
labile, cleaving at the pH of the endosome but stable at physiological pH (in the 
range ofV.O to 7.8). 

20 The hydrolysis kinetics of the acid degradable linker is critical for 

delivery of agents systemically. The conjugate must remain linked together 
during circulation at pH 7.4, but then the linkages should be r^idly degraded at 
pHS.O. Endocytosed macromolecules are typically trafBcked to lysosomes 
within 3(>-60 minutes after endocytosis. Therefore the linkage between a 

25 hydrophilic group and ttie membrane disruptive conq)onent should hydrolyze 
within 30-60 minutes at pHs between 5.0-S.5. 

jPrefened add degradable linkages include acetals, orlhoesters, cis- 
aconityl groups, carboTiylic acid hydrazones, phosfphamides, esters, Schiff bases, 
vinyl ethers, ditibioacetaIs,tert butyl esters,and carbamates. Additional acid 

30 degradable linkages include urefhanes, anhydrides, polysaccharides, amides, 

esters, efiiers, tiiioureas, ureas, thioesters, sulfonamides, phosphoroamidates, and 
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amine N-oxides. See Felix Kratz et ial. Critical Reviews in Therapeutic Drug 
Carrier Systems, 16(3):245 (1999) for a comprehensive list of references 
discussing acid degradable linkages. 

In a preferred embodiment, the acid degradable linkages are acetal 
S linkages. The hydrolysis rates of acetals are proportional to the hydronixun ion 
concentration, vvMch increases 250 fold as pH drops fiom 7.4 to S.O. R.W.Tafl, 
MM. Kieevoy, J. Ahl Chem. Soc, 77:5590 (1955). Therefore, acetals should 
hydrolyze 250 times &ster at pH 5.0 than at pH 7.4. For example, the kinetics 
of the release of PEG grafts from &e Polymer El are ^own in Figure 6A. The 

1 0 rate is strongly pH-dependent as expected, with a half-life of 1 5 minutes at pH 
5.4. In contrast, at pH 7.4, less than 10% of fhe PEG grafts are hydrolyzed after 
75 minutes and only 38% are hydrolyzed after 12 hours. The hydrolysis kinetics 
of the PEG grafts are tiius accelerated by a &ctor of 100 fiom pH 7.4 to pH 5.4. 
This is in agreement with the theoretical value for acetal hydrolysis based on the 

15 1 00 fold increase in the hydionium ion concentration. 

For acetal linkages with a compound containing a benzene ring, the rate 
constant for hydrolysis can be manipulated over a wide range of timescales by 
changing the substituent group in the para position of the benzene ring, in order 
to either stabilize or destabilize the carbocation intermediate formed during 

20 hydrolysis. T. H. Fife, LJKL Jao, J. Am. Chem. Soc> 30:1492 (1965). For 
example, by changing the para substituent to a methoxy group in Polymer El 
(see Figure 4), the rate constant for hydrolysis is decreased by a factor of 60. 
The Hammet _ value for acetal hydrolysis is between -2.8 and -3.2, reflecting 
the sensitivity of acetal hydrolysis to substituent groups. E. H. Cordes, H. 

25 G. Bull, ChemRgy, 5:581 (1974). 

Acetal linkages with hydrophobic groups (or with hydrophilic polymers) 
vMdk also contain oHiesc reactive groups for conjugations to die polymer 
backbone (or to PEG), such as alkyl halides, tosylates> tfaiopyridals, ammes and 
alcohols can also be made. 
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Drug molecules and targeting agents may be conjugated by acid- 
degradable linkages directly to the backbone or at the firee ends of the PEGs (see 
Figures). 

An important vinyl comonomer for any of the vinyl type copolymers in 
5 section I (A), above, is the acid degradable ^ydrophilic'' monomer that 

becomes hydrophobic v/hm the acid degradable bond is broken at the pH in the 
endosome and the attached hydrophilic polymer is released. Instead of 
copolymeriang such a monomer ^1h Ihe other monomers listed in section I 
(A), one could durectly conjugate a reactive Z-hydrophobic-X-hydrophilic group 
10 or Z-hydrophilic group to hydrophobic polymer backbones vnUi reactive groups 
as listed in section I (B), vvhere Z is a group that can react wift 
react with the reactive groiq>s in the backbone, and X is a pH-degradable 
linkage. 

b) Other types of cleavable linkages 

1 5 Other physical stunuli can be used to cleave the linkages coiq)ling die 

hydrophobic and hydrophilic components, such as application of ultrasound, an 
electrical field, an electromagnetic field, iontopheresis, electroporation or a 
combination thereof Alternatively, other types of stunuli can be used, for 
example, en2ymatic degradation or degradation by exposure to a chanically 

20 reactive agent In some cases it may be desnable to include a combination of 
acid labile, non-biodegradable and physically disruptible linkages in the 
conjugates, to achieve different release rates of die various components. 
IV. Therapeutic Diagnostic or Prophylactic Agents 

Any theri^eutic agent, prophylactic agent or diagnostic agmt can be 

25 ionicaUy or covalendy linked, directly or indirectly, to an endosonial membrane 
disrupting agent, so long as the linkage does not interfere vnUi the activity of the 
therapeutic, diagnostic or i»x>pliylactic agent following administration to the cell 
and endocytosis. Hie agent can be dkectly coupled to die hydrophobic 
membrane disrupting component or the hydrophilic component, indirecdy 

30 coiq>led, via anodier compound wUch is coupled to the membrane disriq>tin^ 
agent, such as an endocytosis euhancmg agent, a targeting coxnpound, a 
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compound decreasing lysosome function, or a ligand attached to the membrane 
disrupting agent, such as a polycationic polym^ vMch binds nucleic acid. The 
therapeutic, diagnostic or prophylactic agent can be coupled to the membrane 
disruptive agent via a stimulus sensitive linkage, i.e., an ester or acetal bond, 
S \vfaich is disrupted upon exposure to a stimulus, for example, a change in pH. 

For Iherapeutic, diagnostic or prophylactic agents that do not contain 
hydroT^Is, the acetal bonds can be derivatized with functional groups that react 
with thiols and amines^ such as thiopyxidal gnnsps and N-hydro3cy succinunide 
(NHS) esters. Therapeutic, diagnostic or prophylactic agents can be conjugated 

10 directly to aldehyde groups in the backbone, or to Ifae distal ends of the 
hydrq>hilic polymer grafts, which are conjugated via acetal groups to the 
backbone (see Figure 3). In some cases, disulfide groups can be incorporated in 
the pendant agent linkages, releasing an agent-S-S-R construct, which 
regenerates die agent-SH in the reducing enviromnent of the cytosol (see Figure 

15 3). The composition can also complex ionic ag^ts if it is conjugated with ionic 
groiq)s of opposite charge to the agent Like toxins and viruses, the membrane 
disruptive component of the polymers is masked until the composition reaches 
die low pH environmmt of the endosome. 

A number of non-vinyl "naturally-derived** or syntiiesized cationic 

20 polymers may be used as the backbone polymer, including synthetic or natural 
polypeptides such as poly(L-lysine), polyarginine, protamine, chitosan, 
aminoethyl dextran, and polyethylene imine, as discussed above. These are 
particular useful for completing agents such as nucleotide molecules^ including 
oligonucleotides such as antisense (ODNs), ribozymes, and ribo^me guide 

25 sequences, as well as genes. Agents to be delivered can be ccmiplexedwitii 
them (e.g. DNA or ODNs) or conjugated to fliem. These polymeric backbones 
can also be modified by conjugating a reactive Z^hydrophobic-X-hydrophilic 
group or Z-hydrophobic groi^ to tiieir backbones, where Z is a group that can 
react with or be activated to react widi the amme groups in the backbone, and X 

30 is a pH-degradable linkage. 



25 



wo 01/51092 



PCT/USOl/00356 



The therapeutic and diagnostic ag^ts can be nucleosides, nucleoti^ 
oligonucleotides, proteins or peptides, polysaccharides and other sugars, 
syn&etic inorganic and organic compounds, metals or radioactive compounds or 
molecules. 

5 Nucleosides, nucleotides, and oligonucleotides include oligomers or 

polymers of naturally occurring or modified nucleotides, including naturally 
occurring or modified purine and pyrimidine bases, 2' and 3' modifications such 
as 0-alkyl, halo and azide modifications, and modifications of the phosphate 
linkages, for example, substitution of phosphorofliioate linkages for phosphate 

10 linkages. OUgonucleotides include RNA and single and double strac^ 

nucleic add sequences. The agents can be antisense molecules i^ch bind to 
complementary DNA (or complementary messenger RNA) to inhibit 
transcription, genes, aptamsxSy triplex helix-forming compounds, ribozymes and 
external guide sequences for ribozymes, DNAz^es, DNA plasmids, and vural 

IS vectors. Many plasmids and viral vectors are commercially available and a 

number have been used in clinical trials, esf^cially adenoviral vectors, retroviral 
vectors, and adeno-associated viral vectors. Vectors will usually incorporate the 
gene to be delivered in phase and under the control of appropriate regulatory 
agents for expression in the cell where the material is to be delivered. Genes 

20 may be marker genes, genes encoding defective or missing proteins, or genes 
encoding a lethal protein. 

Preferred compounds for lolling cells include glycoprotein-based toxins 
such as ridn, the B-Kdiain of the diptheria toxin, and pq>tides der^^ 
adenovirus, influenza virus, and the GALA peptide. A representative toxin is 

25 ridn. Ricin is a naturaUy occurring glycopn>teinheterodimer that incliid^ 
A-chain withN-glycosidase activity cq>able of inactivating 60S eukaryotic 
ribosome siibunits, and aB-chaincfqpable of brodrng to cell sur&ce molecules 
(e.g., galactose residues for ridn B). The A-chain must be delivered to the 
cytosolicribosomesfi)r the cells to be killed. Smce these toxuis bind to virtually 

30 every cell via Ac B-<^hain, they lack the specifidty requked to be effective 
chemotfaerapeutic agents. Other toxins ribosylate and thereby inactivate 
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elongation &ctor 2 ^ch is required for protein synthesis. Other representative 
toxins are abrin, modeccin, Pseudomonas exotoxin, bryodin, mistletoe lectin, 
Shiga toxin» Escherichia coli labile toxio. Pertussis toxin, cholera toxin, anthrax 
toxin, viscumin, saiK)rin, gelonin, inonxordin, trichosw^ 
5 antiviral protein. 

Toxins can be conjugated to an antibody specific for targeted cells. 
Polysaccharides such as hqmrin can also be used, where the polysaccharide 
binds to receptors on tbe cell surface. Compounds with a wide range of 
molecular weight, for example^ between 100 and 500,000 Daltons can be used. 

10 When the agent to be delivered is a toxin in combination with an 

andbocfy targeted to the cells to be killed, the resulting conjugate is an 
iTTrnnmnto viTij which can be gfifectively delivered to the cytosoL The 
carbohydrate moiety present in tiie Fc regions of antibodies is a convenient 
location for conjugatioiL When oxidized, fliese carbohydrate regions yield 

IS aldehyde groiQ>s,^^ch are not present else^ere on the protem. Smcelhis 
region lies away fiomthe epitope binding site, it minimizes interference with 
antigen binding. Additionally, it leaves the lysine residues of the antibody, a 
readily accessible conjugation site, available for subsequent conjugations. The 
A-chain of toxins, such as Ricin, can be covalently linked to an antibody using 

20 known coiq)ling chemistry, for example, using the heterobifimctional cross- 
links: N-succinimidyl-3-(2-pyridyl-dithio-propionate) (SPDP), or by reductive 
aminatioiL 

Any of a variety of diagnostic agents can be employed. These can be 
administered alone or coupled to one or more flierapeutic agents as described 

25 above. The agents can be radiolabeled, fluorescently labeled^ enaj^matically 
labeled and/or include dyes or magnetic compounds and otiier materials that can 
be detected using x-rays, ultrasound, magnetic resonance imagmg ("MRI'*), 
positron emission tomography (PET), con^)uter assisted tomognq)h ("CAT"), 
single photon emission computerized tomogr^y, fluoroscopy or other 

30 commonly used diagnostic technology. Examples of suitable materials fpr use 
as contrast agents in MRI include the gadolinium chelates currentiy available. 
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sixch as diethylene triamine pentacetic acid (DTPA) and gadopentotate 
dimeglumine, as well as chelates of iron, magnesium, manganese, copper and 
chromium. Examples of materials useful for CAT and x-rays include iodine 
based materials, such as ionic monomers typified by diatrizoate and iothalamate, 
5 non-ionic monomers such as iopamidol, isohexol, and ioversol, non-ionic 
dimeis, such as iotrol and iodixanol, and ionic dimers, for example, ioxagalte. 
Useful ultrasound contrast agents lhat can be coiqpled to the membrane 
disruptive agent include an acoustic contrast agent that is preferentially bright 
when imaged with diagnostic ultrasound. 
10 Radioactive compounds can also be used therapeutically. Radioisotopes 

include indhim ("In"), iodine ("1311"), and yttrmm ("90Y") isotopes, yAnch can 
be cytotoxic. 

These materials can be coupled to the conjugate using standard 
chemical techniques, or in some case, using recombinant technology, for 

15 example, to make a fusion protem. AITIBOR (I have no idea), i^Oja^On^^ 
14:1383-1400 (1996). Covalent linkages can be formed using chemical 
reactions well known to those of skill in the art For example, glycoproteins 
often have saccharide moieties, which can be oxidized to provide aldehyde 
groups. Aldehyde groups are known to react with amines to form Schiff bases, 

20 vfinch can then be reduced witii sodium cyanoborohydride in a process known 
as reductive aminadon. Peptides which have amine grouj^ and carboxylic acid 
groups, polymers with carboxylic add groins, and polymers and peptides with 
imidazole groups and odier groups which hydrolyze phosphoUpid membranes at 
the pH range within die endosomes can be covalently coupled using methods 

25 well known to those ofskill in the art The agent can be coupled via a 

degradable linkage, such as an acetal, anhydride, ester, ortfaoester, amide, SchifiT 
base or disulfide linkage, or a stimuli disruptible linkage, as discussed above in 
sectioninb. In flieprefenred embodiment, these Imkages are acid degradable, a^ 
discussed in the foregoing section ma. 

30 Agents can be coupled ionically to a complex forming material, which 

is covalently coupled to the endosomai monbrane disnipting agent 
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Oligonucleotides and other negatively charged materials, such as anthracycline 
antitamor agents, are known to form complexes yn&i polycationic materials. 
Suitable polycationic materials inclxide synthetic and natural polyamines, such 
as chitosan, poly(ethyleneimine) (PEI), poly(N,N-dimethylaminoethyl 
5 methacrylate) OPDMAl^lA), polyamidoamine (PAMAM), poly(vinyl pyridine), 
poIy(vinyl imadazole), poly (vinyl amine) (obtained by hydrolysis of polyvinyl 
fonuamide), quatemized forms of these amines, and starburst deodiimers with 
cationic functional groups which are positively charged at lower pH. 
Polycationic materials can be covalenily or ionically linked to tiie endosome 

10 disnq)ting agents and ionically complexed to negatively charged agents to be 
delivered. The complex may bolli stabilize and enhance endocytosis. 
Intercalating compounds can also be used for delivery of nucleic adds. For 
example, PEAA can be covalentlylmked to ethidium bromide. Other 
intercalating agents include some of tiie porphyrins and phthalocyanines. 

15 V. Endocvtosis Enhancing Agents and Targeting Agents 

Endocytosis ahandng agents can be ionically or covalendy coupled, 
direcQy or indirectly, to the conjugate. Exemplary endocytosis enhancing agents 
inclxide antibodies and membrane-receptor ligands such as transferrin, vdiich 
nosk-specifically bind the endosomal membrane disrupting agent to the cell 

20 wh^ the agent is to be delivered; polycations; and phospholipases. Other 
ligands that interact with receptors on the ceU sur&ce include transferrin, 
galactose, asialoorosomucoid, insulin, (^okines, such as interleukin 2, and 
growth fectors, such as epidermal growfli fector, platelet derived growth factor 
and nerve growth factor. Examples of conjugates of endosomal membrane 

25 disrupting agents and endocytosis enhancing agents include poly(ethylacrylic 
acid) (PEAA) directly conjugated to IgG and steptavidin conjugated to a ligand 
(e.g., IgG), then complexed with biotinylated PEAA (B-PEAA), to indirecfly 
conjugate the endosonial membrane disnqrting agent with the endo 
enhancing ageiKL 

30 Other compounds that Bppeax to enhance endocytosis and/or membrane 

disnq>tion may also be included in the formulation. Polycations, such as 
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polylysine, are particulariy effective when used in combination witii negatively 
charged materials, such as oligonucleotides. In anotiier embodiment, tiie 
endosomal membrane disrupting agent is ionically or covalentiy conjugated, 
directly or indirectiy, with enzymes such as phospholipases, neuroamidases and 
5 sphingomylinases, which are capable of hydroly2ing lipids, hereby furtiier 
CThancmg membrane disnq>tion> Suitable en^mesmclude the sphingomylinase 
isolated fixmi the himian placenta and phosphoUp Other 
compounds wMch are not directly Imked to the mraibrane dismpting agm^ 
endocytosis enhancing a^t but wbidh are known to have these properties, such 

10 as glycerol, may also be included in die formulations. 

Examples of molecules found on the sur&ce of specific cell ^pes 
include ceU type specific antigens (which can be specific to species, individual, 
or tissue of origin), viral antigens (intiie case of virally infected cells), and 
tumor antigens. These molecules can be targeted using antibodies, preferably 

1 5 monoclonal antibodies, most preferably human monoclonal antibodies or 

humanized antibodies, or using receptor-specific ligands. Tumor antigens are 
useful as targets for antibody-conjugated chemotherq)eutic or cytotoxic agents. 
These are not specific markers for tumor cells in most cases; rather, they are 
over-oqjressed on tumor cells compared with normal tissue, or tiiey are foimd in 

20 association with normal fetal tissue, such as CEA (Gold, et aL, L Exp. Med, 
122:467-481 (1965)), AFP (Abelev, Adv. Cancer Res,, 14:295-350 (1971) or 
with normal progenitor cells of that organ in the adult (CEA). Tumor antigens 
can be localized in the tumor interstitimn, on the tumor cell membrane, or in the 
tumor cell cytoplasm or nucleus. 

25 Antigens that are found on cells in drculatipn and antigens expressed on 

tumor neovasculature are readily accessible to intravenous (i.v.) administered 
reagents* Antigens that are e3q[n«ssed,ontiiesurfiu^oftissue or tumor cells £^ 
readily accessible to intralesional (1 J.) or intraperitoneal Q.p.) administered 
conjugates. Antigens secreted into tiie tumor interstitimn are most accessible to 

30 i.L administration. 
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The membrane disruption agrats can be conjugated to cell ligands via 
spacer aims, such as polyethylene glycol (PEG). This could enhance Ihe 
efifectiveness of the endosomal membrane disruption agent (it really enhances 
the efGectiveness of the cell ligands). The effectiveness of disruption agents 

5 girafted to disruption polymer backbones (e.g., GALA-g-PAA) is improved by 
conjugating or grafting them to the polymer via PEG spacer arms. 
VL Compounds which M iw™fa» T jvsosome Function 

The fomiulations including membrane disruptive agents for disruption 
of endosomes can also include effective amounts of confounds which minimize 

10 lysosome functioiL Any compound ^duch minimizes lysosome function without 
interfering with the efBcacy of the agent to be delivered or tiie endosome 
disnq)ting agent can be used. Bxan^>les include lysosomal en:grme inhibitors in 
gen^. Other suitable compounds include amantadine, verapamil, chloroquine, 
Ghlorproma2ine» monensin» and ammonium chloride. 

15 Vn. Carriers 

The compositions described herein can be incorporated into nano- and 
microparticles, including microspheres and microcapsules, liposoines, lipid 
vesicles, emulsions or polycationic complexes, using any mettiod that does not 
destroy the activity of the agents to be delivered. The compositions can be in 

20 solution, applied to solid surfeces or formed into hydrogels. The solid surfeces 
should allow for the compositions to come in contact with systems containing 
cells. Suitable surfeces include nanoparticles, microparticles, membranes, 
porous solids, and cell culture surfeces. The polymers can be inunobilized on 
the surfaces by covalent bonds (e.g., chemically grafted to the surfece) or by 

25 physical interactions (e.g., via ionic, polar, and/or hydrophobic interactions). 
Additionally, the compositions could be formed into crosslinked hydrogels. 
Further, the hydrogels could be applied to the solid surfeces described above. 
The solutioxis, coated particles or hydrogels could be used as drug-<:am In a 
preferred embodiment, the con|)ositions are drug-carriers in tiie form of 

30 nanoparticles. 
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In ofhCT embodiments, the disnq>ting agents are coiq)led by ionic, 
covalent or hydrophobic coiipling of ihe polymers with cationic lipids or the 
particulate carriers. In a preferred embodiment, the endosomal membrane 
disriqrtmg agent is a polymer which is hydrophobic (at acidic pHs) or has been 
5 hydrophobically modified, for exaniple by conjugation with cholesterol ^i^ch 
can be incorporated into a liposome, espedally cationic liposomes, so that fbe 
polymer is actually a part ofthe delivery system. These liposomes can be used 
alone with tiie membrane disnqiting agent or in combination with the memlvane 
disnq)ting agent and an enhancer such as uttxasound, electric field, and/or 
10 stinmlL 

Microparticles and nanopartides may be prqpaied using single and 
double emulsion solvent evaporation, spray drying, solvent extraction, solvit 
evi^ration, phase separatioii» simple and comply coacervation, inter&cial 
polymerization, and other rnediods well known to those of ordinary skill in the 

IS art MeOiods developed for niaking microspheres for drug delivery are 
described in the literature, fi>r exanq)le» as described in M. Doubrow, Ed., 
"Microcapsules and Nanopartides in Medicine and Pharmacy/ CRC Press, 
Boca Raton, 1992. 

The compositions can also be administered in other physiologically 

20 acceptable vehicles, such as phosphate buffered saline, or other vehicles for 
topical, local, interstitial or intravenous administration. 
B. Methods of Administration 

L Deliverv of Therapentic Diagnostic or Prophvlactic Agents 

The compositions can be administered to cells direcfly , topically, in 

25 suspension, as an ointment or spmy, or to an animal, systemically, regionally 
(intralesionally) or locally. The cells may be any type of cell in the body, 
including blood cells, tissue cells, and mucosal cells. An effective dosage can 
be determined by an alteration in cell activity - for example, by measuring cell 
death, by detection of a diagnostic agent, or by measuring transport of a 

30 particular analyte. The compo:dti6ns can be administered m a smgle bolus, 
continuously, or repeatedly. 
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In apreferred embodiment, the compositions are administered in vitro to 
thecells. For exanq)le, stem cells are removed from flie body, treated with the 
compositions, alone or in combination with an enhancer such as ultrasoimd, in 
vitro to introduce genetic material into the cells, then reintroduced into the 
S patient to be treated. Lot another example, bacterial cells are treated with the 
coiDpodtions and a stimulus is qipUed to cause membrane disriq[)tioiL The 
stimulus can be a dhange in pH. 

As described in the examples, a test which is predictive of disruption of 
endosomal membranes is the ecydirocyte hemolysis test The endosomal 

10 membrane disnqptive properties are evaluated by determining the extent of lysis 
of erythrocytes. The hemolysis assay involves adding a small volume (e.g., SOO 
micrograms or 0.S g of composition in a 1% solution, about 0.005 ml) solution 
of the composition to a red blood cell susp^on of approximately 108 cells (in 
about 1 ml), and incubatmg for one hour at 37jC. After incubation, tiie cells are 

IS centrifiiged, and the absorbaxiceofthesiq)ernataiit is measured at 541 nn^ Ibis 
reflects tiie number of lysed cells. 

If further studies are desired, one can label the compositions wilb a pH- 
depeadent fluorophore as discussed in M. J. Geisow, "Fluorescein Conjugates as 
Indicators of Subcellular pH", Experimental Ceil Research, 150:29r35 (1984). 

20 The endocytosis of the conjugates by cells, and their trafficking, is followed via 
visualization of the fluorophore. Depending on die emission maximum, one can 
determine whether tiie composition is in an envirorunent of low pH (the 
endosome) or of physiological pH (the cytoplasm). 

In those embodimrats including an endoc)^sis enhancing agent, these 

25 experiments can det^mine \^ether the agenf s afSnity has been altered by 
conjugation, as well as whether the membrane disruptive capabilities of the 
polyioer are effective in stimulating endosonial release, 
n. For extraction of Cellular Contents 

Although described primarily herein witii refisrence to transport of 

3 0 agents into cells, tiie same tedmology can also be used to enhance transfport out 
ofcells or through cell layers. Any type ofcell in the bo(^, such as blood cells. 
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tissue cells and mucosal cells, or cellular organelles, or microorganisms such as 
bacterial cells, can be made permeable by acidifying a mixture of the cells and 
the membrane disruptive polymer (plus any useful chemical agents) to recover 
and assay analytes, cell or organelle components, infective agents (bacterial, 

S parasitic, or viral), genetic material, or even previously administered therapeutic 
or diagnostic compounds. After the cells are made permeable, a variety of 
separation steps and chemistriesmay be run on tiie extracted materials to 
recover or assay selected compounds. The end point offlie assay may result in a 
visual color change, or a quantitative measure of a metabolite of interest 

1 0 Additionally to &e pH change, one can enhance the transport of metabolites or 
other analytes in interstitial fluid or ivithin the (^sol or across membra^ 
barrio by adixunistration of the disnqpting Bg&sKs and administration of an 
{Appropriate stimulus or stimuli such as light, ultrasound, electric field or diange 
interrq>erature. 

IS The coii4>ositions and methods desoibed herein will be better 

understood with reference to the following non-limiting examples. 
£xample 1: pH mediated disniption of membranes using Acetal-PEG- 
Copolymen 

This example demonstrates that an acetal-PEG-copolymer can act as an 
20 endosomal releasing agent This was determined by measuring the hemolytic 
activity of the above polymers at endosomal pH (5.5) and physiolo^c pH (7.4). 
Syndesis of tiie polymeric conjugate is shown in Figure 1 . 
Hemolysis Assay: Fresh hxraian blood was isolated in EDTA containing 
vacutainers, washed tiiree times with 150mM NaCl, and resuspended at a 
25 concentration of 1 08 red blood cells/ml in PBS buffer (2% in 1 ml PB S) at dtiier 
pH5.5orpH7.4. The polymer was dissolved pH 10 buffered PBS. The 
s^propriate volume of polymer solution was then added to the RBC solution and 
incubated for 20 minutes at 37''C. The cells were then centrifuged and the 
degree of hemolysis was detennined by measuring absorbance of the 
30 siq[)ematantatS41nM. A 100% lysis was determined by lysing the red blood 
cells in deionized water. The controls were KBCs suspended in buffer without 
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polymCT. E3q)eiiments were done in triplicate with a standard deviation of less 
than 2%. 

The results of the hemolysis assay are shown in Figure 2. The polymer 
caused 100% lysis at the lowest concentration tested, five micrograms of 
5 polymeratpHS.0andunmeasurablelysisatpH7A 

Szample 2: Syndesis of Compositions containing a terpolymer of 

dimethylaminoetli:^ mrtliacrylatey butyl metiiaciylate and 
styrene benzaldehyde for pH mediated disruption of 
membranes. 

10 A terpolymer of dimefhylaminoediyl metfaacrylate ODMAEMAX butyl 

metihacrylate (BMA) and styrene benzaldehyde was chosen for die membrane- 
disruptive backbone (see Figure 4). Copolymers ofBMA and DMAEMA are extremel) 
efiective membrane disruptive agents> a property that can be attributed to their cationic 
and hydrophobic components^ leading to a sur&ctant-like character. C. Hansch, W. R. 

15 Glave, Mol, PharmacoL 7:337 (1972). 

The strategy used to synthesize tiie compositions is depicted in Figures. The 
first step was the synthesis of afunctionalized acetal monomer. This monomer was 
then copolymerized with DMAEMA and BMA using a free radical polymerization 
process. The resulting terpolymer was purified by precipitation in hexane and then 

20 PEGylatedwiththiol-terminatedmonofimctioiialorheterobifimctionalPEGs. The 

PEGy lated polymers were purified by ether precipitation. The acid-degradable linkage 
is a para-amino benzaldehyde acetal. Tbe PEG grafts have a molecular weight of 5kD. 
Three different compositions were formed from the PEGylated terpolymer; Polymer El 
in which the PEG grafts are terminated witii a methoxy groiQ), Polymer E2, in whidi tht 

25 PEG grafts are terminated with lactose or, fluorescein-isotiiiocynate (FITC), and 
Polymer E3, in which tiie PEG grafts are terminated with lactose or hexalysine. The 
chemistry described herein to conjugate drug molecules can be easily modified to 
incorporate a variety of other conjugation strategies (see Figure 3 for examples). 
Examples: Hydrolysis and Hemolysis studies with Po^er El. 

30 Tbe hydrolysis ofpolymer El was measured at 37^ C, in phosphate 

buffer, at eitiier pH 5 .4 or 7.4, by observing the change in U. V. absorbance at 
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340iiin. The experiments were done in tripUcate and fhe standi 
under S% for all sanq>les. 

The ability of polymer Elto stimulate pH-induced membrane disruption 
was tested by assaying its ability to disrupt red blood cell membranes (RBCs) at 

5 pH5.0andpH7.4CFigure6B). One-hundred million RBCs in a 1 ml volume of 
phosphate buffer were used in each experiment The incubation tune was 20 
minutes at 37^ C The e9q>erimentswe(re done in triplicate and the s^ 
deviation was und^ 5% for all samples. The protocol used to isolate and purify 
fhe red blood cells and quantitate hemolysis is described in N. Murfhy, J. R. 

10 Robichaud, D. A. Tlrrell, P. S. Stayton, A. S. Hoffinan, IContrReL 61:137 
(1999). 

Only O.S-S(igAnl of ttie polym^ El was required for efGcient hemolysis 
of 1 08 RBCs at pH S.O afto: 20 minutes, whereas at pH 7.4 only background 
levels of hemolysis were obs^ed after 20 minutes for polymer concentrations 

15 up to 25 ^g/nd (see Figure 6B). Importantly, the membranenlisruptive activity 
of tbis polymer occurs widiin 20 minutes upon acidification to pH 5.0. Because 
vesicular transport in hepatocytes firom endosomes to lysosomes has been 
estimated to take approximately 45 minutes, the kinetics of membrane 
disruption were appropriate for further biological studies. 

20 Example 4: Study of the role of PEG groups in the membrane disrupting 
activity using Modified Polsmier El. 
Modified Polymer El was synthesized where the acetal-containing 
monomer was modified to contain a methoxy substituent at the para position of 
the benzene. This modification extends fhe hydrolysis half-life of the PEG 

25 grafts to 14 hours at pH 5.0. 

Modified Polymer El did not disrupt red blood cell membranes at pH 
5.0 after a 30 minute incubation period, at concentratioris between 1-100 
Furtfao-, less ftan 5% of the polymer's PEG grafts were hydrolyzed during this 
timeperiod. After hydrolyzing the PEG grafts offtiis polymer by mcubating it 

30 at pH 3.0 for one hour, flie fiee membrane-disnqitive backbone caused 100% 
hemolysis at pH 5.0, and 5^g^ concentration. Thus, these results dmonstrate 
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tiiat the hydrolysis of the PEG grafts activates tiie membrane-disruptive activity 
of the backbone of the polymer. 

Eksample 5: Study of tiie ability of membrane disrupting agents to 
enhance cytoplasmic delivery of macromolecules into 
5 mammalian cells using Polymer E2. 

The ability of tiie membrane disnq)ting agent to enhance the 
cytoplasmic deliveiy of macromolecules into TnnmmaKati cells was investigated 
in a hepatocytemodd system using Potymer £2 (desoibed in Example 2). Iliis 
system utilized lactose targeting of tiie asialoglycoprotein (ASGP) recq^ 
10 which triggers receptor-mediated endocytosis (RME). B. Tydco et al., XCeU, 
Biol., 97: 1762 (1983). Internalization via tiie ASGP receptor has been shown to 
. direct rapid lysosomal acQumulation of targeted maax>molecules. B.Tyckoet 
al., J,CeU.Biol-. 97:1762 (1983). 

Polymer El was synthesized as described in Example 2 vnik its PEG 
IS grafts terminated wittidtfaerfluorescein-isotiuocynate(F^ This 
polymer was then incubated with normal mouse hepatocytes (NMH) to 
detemiine if Polymer E2 could deliver PEG-FTTC (5kD) (as a model 
macromolecular drug) into the cytoplasm of living cells. As a control, PEG- 
FTTC (5kD) alone was incubated with hepatocytes. 
20 A confluient monolayer of normal mouse hepatocytes (NMH cells) was 

treated with PEG-FTTC conjugated to Polym^ E2 at a O^g/ml concentration 
of PEG-FTTC, after a 12 hour incubation. The fluorescentiy-labeled PEG was 
^read diffusely tinoughout the cytoplasm, but not in the nucleus, indicating that 
the polymer enhanced endosomal release. The PEG-FTTC is too large to diffuse 
25 into the nucleus, and hence the nuclei q>peardaric 

A confluent monolayer of NMH cells was treated with PEG-FTFC alone 
at a O.Smg/ml concentration, after a 12 hour incubation. The PEG-FTTC was 
able to enter the hepatocytes by fluid phase radocytosis, but unable to escape the 
endosome. 

30 No toxicity or cell death was seen after 12 to 24 hours of incubation of 

Polymer B2 witii NMH cells. 
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Example 6: Study of the Ability of Membrane Disrupting Agents to 
Direct Cytoplasmic Entry of a Biological Macromolecule 
using Polymer £3. 
To test iwheth^ tiie polymers could direct cytoplasmic entry of a 
S biological macromolecule, the delivery and trafiScking of fluorescently-labeled 
oligodeoxynucleotides (ODNs) complexed to Polymor E3 were deteimined by 
fluorescent microscopy. Polymer E3 was syntfaedzed as described in Example 2 
yn&k its PEG grafts tetmmated with either hexaly sine ({^proximately 20%) or 
lactose (qyproximately 80%) for targeting. The polymer was subsequently 
10 complexed with rhodamine-labeled ODNs and tiien incubated witii hepatocytes. 
NMH cells were treated with rhodamine-labeled oligonucleotides 
complexed with Polymer E3, at a 30|^gAnl concentration of oligonucleotide and 
aftor a 3 hour incubation. The NMH cells displayed a difKise 
cytoplasmic/nuclear fluorescence, indicating endosomal/lysosomal disruption. 
IS Thus, the tfaodamine-labeled ODNs carried by Polymer E3 were mpidly released 
into both the cytoplasm and nucleus of hepatocytes. 

NMH cells were treated with ihodamine-labeled oligonucleotides at a 
BO^ig/ml concentration after a 3 hour incubatioiL The NMH cells displayed a 
punctate fluorescence, indicating that the Aodamine-labeled oligonucleotides 
20 were sequestered in lysosomes. 

The presence of the rhodamine-labeled ODNs in the nucleus of the 
hepatocytes suggests that the ODNs disassociated fix)m Polymer E3 because the 
complex of tiie ODN and Polymer E3 would be too large to enter tiie nuclear 
pores. For example, in Bxan^le 5, PEG-FTTC by itself was too large to enter 
25 the nuclear pores of hepatocytes. The addition oftheterpolymer construct 

enhances tiie cytoplasmic entry of ODNs. Thus, tiiese compositions can provide 
a direct route to cinhqpr^ng antisense ODN thenq)eutic delivery. 

The teachiiigs of the le&raices dted herein are spedficaUy incoi^ 
hmin. Modifications and variations of the present invention will be obvious to 
30 those skilled in the art from the foregoing detailed desoiption and are intended 
to be encompassed by tiie following claims. 
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We claim: 

1 . A composition for disnqption of a membrane comprising 
a conjugate comprising 

a membrane disruptive component comprising a polymer which 
is hydrophobic under the conditions where the membrane is to be disrupted, and 

a hydrophilic component selected £x>m tiie gjtovp consisting of a 
hydiophilic agent to be delivered, hydrophilic groups linkable or linked to the 
hydrophobic polymer in an amount efifective to make the conjugate hydrophilic, 
and a hydrophilic polym^ linkable to tiie hydrophobic polymer effective to 
make the conjugate hydrophilic^ 

wfaerdn tiie hydrophilic component is coupled to the membrane 
disruptive conq>onent via a linkage which is is cleaved as a function of pH. 

2. Tlie composition of claim 1 wherein tiie hydrophilic component is 
selected fixmi the groiQ> consisting of hydrophilic groups or a hydrophilic 
polymer, further comprising a therapeutic^ diagnostic or prophylactic agent to be 
delivered to a cell or cell organelle. 

3 . The composition of claim 2 vAierein the agent is selected &om tiie group 
consisting of proteins, peptides, nucleotide molecules, saccharides, 
polysaccharides, small organic molecules, and combinations thereof. 

4. The composition of claim 1 wherein the hydrophobic polymer is selected 
from the group consisting of syntiietic vinyl-type hydrophobic polymers and 
tiieir hydrophilic derivatives that become hydrophobic at the pH of the 
endosome, non-vmyl or naturally-derived polymers and their hydrophilic 
derivatives that become hydrophobic at the pH of the endosome, membrane 
disruptive peptides, phospholipid bilayer disrupting agents, and polym^ which 
become membrane disnq)tive iqK>n exposure to a stimulus other than pH. 

5. The composition of claim 1 wherein the hydrophilic groups are coi4)led 
directly to ttie hydrophobic polymer. 

6. The composition of claim 1 ^^berdn the hydrophilic groups are selected 
from the group consisting of hydroxyadds, amines, thiols, caiboxyl gcoiq>, 
amino adds, and small molecules including tiiese groups. 
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7. The coiqposition of claim 1 comprisii]^ a hydrophobic polymer linked to 
hydrophilic groups wherein the hydrophilic groaq>s are protenated at the site 
where tiie membrane is to be disnq>ted to form a hydrophobic polymeric 
memfarane disn9>tive component 

8. The composition of claim 1 wherein tiie linkages coiq>ling the 
hydrophilic component to the membrane disnqpftive componmt are selected fiom 
the groiq) consisting of acetals, orthoesters, ds-aconityl gronps, carbo^lic add 
hydrazones, phosphamides. esters, Schiff bases, vinyl e&ers, dithioacetals, tert 
butyl esters,and carbamates, uretfaanes, anhydrides, polysaccharides^ amides, 
esters, ettiers, thioureas, ureas, thioesters, sulfsnamides, phosphoroamidates, and 
amine N*K>xides. 

9. The composition of claim 2 whereun tiie agent to be delivered is coiq)led 
to eittier the hydrophilic or membrane dismptive component by a degradable or 
disnqjtable linkage. 

10. The composition of claim 9 herein the linkage is degradable upon 
^qxxsure to a change in pH. 

1 1 . Hie composition of claim 1 0 wherein the linkage is selected from the 
group consisting of acetals, orthoesters, ds-aconityl groups, carboxyUc acid 
hydrazones, phosphamides, esters, Schiff bases, vinyl ethers, dithioacetals, tert 
butyl esters,and carbamates, urethanes, anhydrides, polysaccharides, amides, 
esters, ethers, thioureas, ureas, thioesters, sulfenamides, phosphoroamidates, and 
amine N-oxides. 

12. The composition of claim 8 herein the linkage is disruptable upon 
e7qx>sure to a physical or chemical stimulus. 

13. The composition of claim 1 whi^in the conjugate further conqirises a 
ligand specifically binding to a target molecule. 

14. The composition of claim 2 wherein the agent to be delivered is 
cozxxplexed to a polymeric component of the conjugate. 

15. The composition of claim 1 >rfierein the hydrophilic conq>onent is linked 
to tfaie memfarane disruptive agent by a pH s^isitivelmkage^ wherdn the pH 
sensitive linkage is stable at a pH between 6. 8 and 8 and disrupted at a pH less 
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than pH 6.S, and the linkage will hydiolyze wilfain about 30 to 60 minutes at a 
pH between 5.0 and 5.5. 

16. The composition of claim 1 further comprising a pharmaceutically 
acceptable carder for delivery of the conjugate to a cell or organelle. 

17. The conqK)sition of claim 16 \^ierein the carrier is selected from the 
gcoiq) consisting of carriers for systemic^ local, or topical delivery of the 
conji^ate. 

1 8. The composition of claim 1 fiirflier comprising a composition enhandng 
membrane penetration. 

1 9. The con^osition of claim 2 wherein the agent to be delivered is a 
nucleotide molecule selected from the groiq> consisting of antisense, ribozymes, 
ribozyme guide sequences, triplex forming oligonucleotides, and genes. 

20. A method of making a composition for disruption of a membrane 
comprising forming a conjugate comprising 

a membrane disruptive component comprising a polymer which 
is hydrophobic under the conditions where the m^nbrane is to be disrupted, and 

a hydrophUic conq>onent selected fiom the group con^sting of a 
hydrophilic agent to be delivered, hydrophilic groups linkable to the 
hydrophobic polymer in an amount effective to make the conjugate hydrophilic, 
and a hydrophilic polymer linkable to the hydrophobic polymer effective to 
make the conjugate hydrophilic, 

wherein the hydrophilic component is cov^led to the m^brane 
disruptive component via a linkage which is is cleaved as a function of pH. 

21 . The me&od of claim 20 i^erein the hydrophilic component is selected 
fix>m the group consisting of hydrophilic groups or a hydrophilic polymer, 
fiirQxer comprising linking to the conjugate a ther^utic^ diagnostic or 
prophylactic agent to be delivered to a cell or cell organelle. 

22. Hie method of claim 20 wherein the hydrophilic groups are coupled 
duectly to the hydrophobic polymer. 

23. The mefihod of claim 20 wherein the hydrophilic component is linked to 
the membrane disruptive component by a linkage selected fix>m the group 
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consisting of acetals, orthoesters, cis-aconityl groups, carboxylic acid 
hydrazones, phosphamides, esters, Schiff bases, vinyl ethers, dithioacetals, tert 
butyl esters,and carbamates, urethanes, anhydrides, polysaccharides, amides, 
esters, ethers, thioureas, ureas, thioesters, sulfenamides, phosphoroamidates, and 
amine N-K>xides. 

24. Hie method of claim 21 wherdn the agent to be delivered is C0iq)led to 
eitfa^ fhe hydnyphiUc or membrane disnqptive component by a degrade 
disniptable linkage. 

25. The method of claun 20 wherdn the coqugate further comprises a 
ligand spedfically bindmg to a target molecule. 

26. The mediod of claim 21 i^vherem the agent to be delivered is conq>lexed 
to a polymeric component of flie conjugate. 

27. A method for disrupting a cdl or organelle membrane conqnising 
delivering to the cell or organelle a conjugate as defined by any of clauns 1-19. 

28. The method of claim 27 iwherein the cell is a cell in a patient 

29. The mediod of claim 27 wherein the cell is an endosome in a celL 

30. The method ofclaim 27 wherem the cell is a bacterial cell. 

31. The method ofclaim 27 wherein the conjugate is used to a deliver a 
tiier£^eutic, prophylactic or diagnostic agrat 

32. The method of claim 27 wherein the conjugate is used to make a cell, 
cell organelle, or microorganism permeable to an analyte, cell or organelle 
component, drug, or infective agent which is to be analyzed. 
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Experimental Conditions 

(1) 2% RBCs in 1ml PBS buffer 

(2) Incubation temperature 37C 

(3) Incubation time 20 minutes 

(4) Experiments done In triplicate STD < 2% 
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FIG. SB 




ENCRYPTED POLYMER El : X = y = METHOXY 

ENCRYPTED pOLYMER E2 : X = FLUORESCEIN, y= LACTOSE 

ENCRYPTED POLYMER E3 : X »HEXALYSINE. y= LACTOSE 
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